We have developed a sensitve, high-resolution method for the analysis of the apolipoprotein(a) [apo(a)] isoforms using sodium dodecyl sulfate (SDS)-agarose/ gradient polyacrylamide gel electrophoresis. In an analysis of the genetic polymorphism of apo(a) isoforms and their relationship with plasma lipoprotein(a) [Lp(a)] levels in Japanese and Chinese, this method identified 25 different apo(a) isoforms and detected one or two apo(a) isoforms in more than 99.5% of the individuals tested. The apparent molecular weights of the apo(a) isoforms ranged from 370 kDa to 950 kDa, and 22 of the 25 different apo(a) isoforns had a higher molecular weight than of apo B-100. Studies on Japanese families confirmed the autosomal codominant segregation of apo(a) isoforms and the existence of a null allele at the apo(a) locus. The observed frequency distribution of apo(a) isoform phenotypes fit the expectations of the Hardy-Weinberg equilibrium in both the Japanese and Chinese populations. Our data indicate the existence of at least 26 alleles, including a null allele, at the apo(a) locus. The frequency distribution patterns of the apo(a) isoform alleles in Japanese and Chinese were similar to each other and also similar to that of apo(a) gene sizes reported in Caucasian American individuals. The average heterozygosity at the apo(a) locus was 92% in Japanese and 93% in Chinese. A highly significant inverse correlation was observed between plasma Lp(a) levels and the size of apo(a) isoforms in both the Japanese (r = -0.677, P = 0.0001) and the Chinese (r = -0.703, P = 0.0001). A highly skewed distribution of Lp(a) concentrations towards lower levels in the Japanese population may be explained by high frequencies of alleles encoding large apo(a) isoforms and the null allele.
Introduction
Apolipoprotein(a) [apo(a)] is structurally homologous to plasminogen (PLG) and is an important constituent of lipoprotein(a) [Lp(a)] (McLean et al. 1987) . Lp(a) is made up of a low-density lipoprotein (LDL)-like structure in which apolipoprotein B-100 (apo B) is covalently linked to apo(a) (Fless et al. 1985 (Fless et al. , 1986 . High plasma Lp(a) levels are an independent risk factor for development of premature atherosclerosis (Berg et al. 1974; Armstrong et al. 1986; Murai et al. 1986; reviewed in Utermann 1989; Scanu and Fless 1990; MBewu and Durrington 1990) . The distribution of plasma Lp(a) concentrations is very wide and highly skewed towards lower levels in most normal populations (Sandholzer et al. 1991) . Utermann et al. (1987 Utermann et al. ( , 1988b first reported a genetic size polymorphism of apo(a) using sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and an inverse correlation between apo(a) size and plasma Lp(a) levels. They described six apo(a) isoforms with different molecular weights (Mr); one individual had one or two isoforms or was without a detectable apo(a) band. Subsequently, Gaubatz et al. (1990) described 11 apo(a) isoforms using SDS-PAGE and an inverse correlation between Mr of apo(a) and plasma Lp(a) levels. More recently, Kamboh et al. (1991) have detected 23 different apo(a) isoforms using high-resolution SDS-agarose electrophoresis, though they did not report the Mr of apo(a) isoforms nor the relationship between the size of the apo(a) isoforms and plasma Lp(a) levels. Based on data from family and population studies, they hypothesized the existence of at least 24 alleles, including a null allele, at the apo(a) locus. Futhermore, highly polymorphic apo(a) DNA sizes due to the differences in the kringle 4 repeat domain length have been revealed and their relationship with plasma Lp(a) levels has been investigated in Caucasian populations and families Boerwinkle et al. 1992; Kraft et al. 1992) .
In the present report, we describe an improved method for the analysis of apo(a) isoforms using a high-resolution SDS-agarose/gradient PAGE, which can detect at least 25 different isoforms, apparent Mr of representative apo(a) isoforms, the mode of inheritance of apo(a) isoforms determined from data on family and population studies, apo(a) allele frequencies in the Japanese and Chinese populations, and the relationship between the apo(a) isoforms and plasma Lp(a) concentration.
Materials and methods
EDTA-fasting plasma samples were collected from 281 apparently healthy, unrelated Japanese male adults (mean age: 49.1 + 8.8 years), 34 Japanese families with 34 parental matings and 60 children, and 104 apparently healthy unrelated Chinese students studying in Japan. The 34 families were drawn from the family pool for our genetic study on dyslipidemia including the family with high Lp(a) levels. These families were used to determine the mode of inheritance of apo(a) isoforrns and also to detect small apo(a) isoforms associated with high plasma Lp(a) levels that might be present in low frequencies in populations. The plasma lipoprotein fractions were floated by adjusting the fresh plasma density to 1.12 g/ml with solid NaBr, followed by spinning at 100,000 rpm for 4 h at 4~ in the TLA 100.2 rotor (Beckman, Palo Alto, Calif.) and separated by tube slicing. The plasma and lipoprotein fractions were stored at -80~ until analyzed. Plasma Lp(a) concentrations were measured using a Tint Elize Lp(a) enzyme immunoassay kit (Biopool AB, Umea, Sweden).
An aliquot of 2-5 gl lipoprotein fraction (density<l.12) was mixed with the same volume of a sample buffer, which contained 0.25M Tris-HC1 (pH 6.8), 20% sucrose, 10% SDS, 10% 2-mercaptoethanol, and 0.02% bromophenol blue. SDS-PAGE was carried out essentially according to the method of Laemmli (1970) with some modifications. For the stacking gel, 1.2% agarose gel containing 0.125 M Tris-HC1 (pH 6.8), 0.2% SDS, and 0.5% 2-mercaptoethanol was used instead of polyacrylamide gel. For the running gel, we used 3%-6% gradient polyacrylamide slab gels (135 x 100 x 1 mm) containing 0.375 M Tris-HC1 (pH 8.8) and 0.2% SDS. The running buffer contained 25 mM Tris, 0.19 M glycine, and 0.2% SDS. A control cocktail of seven apo(a) isoforms prepared by mixing the lipoprotein fractions from four individuals was run alternately in each second lane as a reference. Electrophoresis was performed at a constant current of 5 mA for 3 h and then at 3 mA for a further 18 h at room temperature. The proteins separated on polyacrylamide gels were electrophoretically transferred to nitrocellulose membrane filters (BA83, Schleicher & Schull) using Sartoblot II (Sartorius) with a blotting buffer (7 x running buffer containing 10% methanol) for 2 h at a constant current of 180 mA. The filter was blocked with 0.2% gelatin in phosphate-buffered saline (PBS) and incubated in the mouse ascites containing an anti-apo(a) monoclonal antibody [1:1000 in 1% bovine serum albumin (BSA) in PBS]. The anti-apo(a) monoclonal antibody was prepared using purified human apo(a) in our laboratory and the antibody did not crossreact with human PLG or other plasma proteins (A. Nakagawa, K. Kobayashi, S. Kikuchi, T. Fujita, H. Hamaguchi, unpublished). Peroxidase-conjugated anti-mouse IgG rabbit serum (l : 1000 in PBS) (WAKO Pure Chemical Industries, Osaka) was used as the second antibody, and the patterns were visualized in 0.01% DAB and 0.1% H202 in PBS. Mr of apo(a) isoforms were estimated using crosslinked phosphorylase B oligomers (Sigma, St. Louis, Mo.) as a marker in the SDS-PAGE with homogeneous slab gels (135 • 120 x 2 mm), which contained 3.75% acrylamide, 0.1% bisacrylamide, and 0.75% agarose (Agarose L, WAKO). The phosphate buffer system was used in the electrophoresis for the M r estimation as recommended by the manufacturer, because the Tris-buffer system was not suitable for the electrophoretic analysis of the M r marker.
Allele frequencies were estimated by analysis of the population data using a gene-counting method of maximum likelihood (Yasuda and Kimura 1968) . A chi-square test was used to test observed versus expected type frequencies, assuming the HardyWeinberg equilibrium. All the other statistical procedures were carried out using the SAS statistical software package.
Results
A total of 25 different apo(a) isoforms were resolvable with the agarose/gradient PAGE with SDS followed by immunoblotting using a mouse monoclonal anti-human apo(a) antibody (Fig. 1 ). Since the relationship of these apo(a) isoforms to previously described isoforms is presently unclear, we have used our own nomenclature: apo(a) isoforms were designated A1, A2 .... A25 from the lowest to highest apparent M r. Of the 25 different apo(a) isoforms, all except A1 and A4 were observed in samples from the Japanese population and families, and all except A2 and A25, were detected in samples from the Chinese population. One or two apo(a) isoform bands were detectable in each of the 281 unrelated Japanese, in 119 of the 120 members of Japanese families, and in each of the 104 unrelated Chinese. One parent of a Japanese family had no apo(a) isoform band (Table 1 , family 13). The apparent Mr of representative apo(a) isoforms was 370 kDa in A1,510 kDa in A3, 580 kDa in A5, 640 kDa in A8, 680 kDa in A10, 710 kDa in A12, 770 kDa in A15, 790 kDa in A16, 830 kDa in A19, 860 kDa in A21, and 950 kDa in A24, respectively. The apparent Mr ranged from 370 kDa to about 950 kDa. A3 was the apo(a) isoform that had almost the same apparent Mr as that of apo B. Therefore, 22 of our apo(a) isoforms (A4-A25) had a higher Mr than apo B. Figure 2 shows the plot of the rela- The average difference in molecular weight between adjacent apo(a) isoforms was estimated as 18.4 kDa from A5 to A24. Table 1 presents the data on apo(a) isoform phenotypes of 34 Japanese families with 60 children. Each parental cross was unique in that the same combination of phenotypes was not observed in more than one cross. Families 1, 2, 8, 10, and 16 were drawn from the family pool of high Lp(a) levels in order to detect small apo(a) isoforms associated with high plasma Lp(a) levels. In the 34 families, all of the 23 isoforms thus far detected in Japanese were observed, and they were transmitted in accordance with a simple codominant mode of inheritance, indicating that each isoform is encoded by the corresponding allele at the apo(a) locus. The mother of family 13 had no detectable apo(a) band and her plasma Lp(a) concentration was below a measurable level. In addition, all three of her children had a single apo(a) isoform transmitted from their father. The finding in this family indicates the presence of a "null" allele, and the mother was considered to be homozygous for the "null" allele. The existence of a "null" allele was also indicated by the data on families 2 and 23.
A total of 20 different apo(a) isoforms and 102 different apo(a) isoform phenotypes were found in the 281 apparently healthy, unrelated Japanese individuals (Table 2) . To avoid a bias, we did not include any of the family data in this population because the families were drawn from the family pool for our genetic study on dyslipidemia including high Lp(a) levels. Of the 281 individuals, 205 (73.0%) double-banded phenotypes and 76 (27.0%) single-banded phenotypes were observed. In the present study, the alleles encoding A1-A25 are designated A*]-A*25 and the null allele is designated as N. Since for single-banded phenotypes it could not be determined whether they were homozygous or heterozygous for the null allele, allele frequencies were estimated using a gene-counting method of maximum likelihood used for estimating gene frequencies in ABO-like systems (Yasuda and Kimura 1968) . Figure  3a shows the estimated allele frequency distribution for the 281 apparently healthy, unrelated Japanese. Sixteen alleles, including A'10 to A *24 and N, were observed at a polymorphic frequency in the Japanese. Nine of these, A'15 to A'22 and N, had appreciable frequencies of 5.9%-13.0%, and the sum of the frequencies of these alleles was 78.4%. Because of the large number of phenotypes, a conventional chi-square test for goodness of fit to the Hardy-Weinberg equilibrium is inappropriate. We conducted, however, the following analyses. When the chi-square test was performed for all 211 expected phenotype classes, the observed and expected values were in good agreement ()~2 = 178.2, df = 190, 0.5 < P < 0.75) even when the continuity correction was not employed. Secondly, when the phenotypes were classified into 21 groups by their smaller isoforms, the observed and expected values were in excellent agreement (X 2 = 7.83, df= 20, P > 0.99). Thirdly, when the phenotypes were classed into 21 groups by their larger isoforms, the observed and expected values were also in good agreement (X 2 = 14.7, df = 20, 0.75 < P < 0.90). Thus the distribution of observed apo(a) isoform numbers was compatible with that of the expected values, assuming the Hardy-Weinberg equilibrium. The average heterozygosity at the apo(a) structure locus was calculated to be 92% among the Japanese.
In this paper, when the phenotypes were grouped by their smaller isoforms, the symbol # and the name of the smaller apo(a) isoform were used to represent the group. For example, phenotypes A3, A3/A16, and A3/A18 detected in the Japanese population were grouped as A3#. A highly significant inverse correlation was found between plasma Lp(a) levels and Mr of apo(a) isoforms. The Spearman's rank correlation coefficient between apo(a) isoform phenotypes and plasma Lp(a) levels was -0.677 (P = 0.0001)when the 102 different phenotypes were grouped by their smaller isoforms and ordered from A3# to A23# (Fig. 4a) . The Kruskal-Wallis nonparametric test also showed that plasma Lp(a) levels were significantly different among apo(a) isoform phenotypes when the 102 different phenotypes were ordered from A3# to A23# (P = 0.0001, df= 17). The family data also showed a tendency for high plasma Lp(a) levels to cosegregate with small apo(a) isoforms. In family 2 in Table 1 , for example, phenotypes of the parents and three children were A3/N, A16/A20, A16/N, A3/A20, and A3/A20; and their Lp(a) levels were 66.0, 15.8, 10.5, 79.2, and 56.0 mg/dl, respectively. The Lp(a) levels above 50 mg/dl cosegregated with A3 in this family. Figure 5a shows frequency histograms of plasma Lp(a) distribution in the 281 apparently healthy, unrelated Japanese. Plasma Lp(a) levels varied from 0.4 to 79.0 mg/dl. The distribution of Lp(a) levels in the Japanese was highly skewed towards the lower levels, similar to that reported in Caucasian populations (Utermann et al. 1987; Sandholzer et al. 1991) . Of the 281 subjects, 23 (8.2%) had plasma Lp(a) levels greater than 30 mg/dl, which has been suggested to be a clinically important Lp(a) threshold level (Armstrong et al. 1986 ). Figure 5b shows the frequency distribution of Lp(a) levels in different groups of apo(a) isoform phenotypes in which phenotypes were divided into six groups. Many subjects had only large apo(a) isoforms, such as A15-A23, and lower plasma Lp(a) levels. The data presented in Figure 5b suggest that a highly skewed distribution of Lp(a) concentrations towards the lower levels is explained well by high frequencies of large apo(a) isoforms, because the frequency distribution of phenotypes A15#-A23# contributes greatly to the highly skewed distribution of Lp(a) levels. The small apo(a) isoforms, such as A3-A9, were generally associated with high levels of plasma Lp(a). The proportion of subjects with Lp(a) levels above 30 mg/dl was 11 of 19 subjects (58%) in phenotypes A3#-A9#, whereas it was 2 of 190 (1%) in phenotypes A15#-A23#.
In the unrelated Chinese Han population consisting of 104 members, apo(a) allele frequencies (Fig. 3b) and frequency histograms of the plasma Lp(a) distribution (Fig.  5c ) were similar to those in the Japanese population. A total of 23 different apo(a) isoforms and 67 different apo(a) isoform phenotypes were observed, and 77 of 104 individuals (74.0%) exhibited double-banded phenotypes. When the phenotypes were classed into 24 groups by their smaller isoforms, the observed value fit the expectations of the Hardy-Weinberg equilibrium (X 2 = 9.98, df = 23, P > 0.99). The average heterozygosity was 93%. As to the relationship between Mr of apo(a) isoforms and plasma Lp(a) levels, the Spearman's rank correlation coefficient was -0.703 (P = 0.0001) when the apo(a) isoform phenotypes were ordered from AI# to A24# (Fig. 4b) .
Discussion
Apo(a) is of great interest from both a genetic and a medical point of view in that it exhibits high genetic polymorphism associated with plasma Lp(a) levels, high values of which are an independent risk factor for premature atherosclerosis (Berg et al. 1974; Armstrong et al. 1986; Murai et al. 1986 hibits a size polymorphism, SDS-PAGE should be a suitable method for the genetic analysis of the apo(a) polymorphism and its related research subjects. In the present study, we have developed an extremely sensitive, highresolution method for the analysis of the apo(a) size polymorphism using SDS-agarose/PAGE. This method has resolved a total of 25 discrete apo(a) allelic isoforms in plasma samples from Japanese and Chinese and has detected at least one apo(a) isoform in more than 99.5% of the individuals tested. Our method has yielded consistent, satisfactory separation of apo(a) isoforms. In this method, plasma lipoprotein fractions are used as samples to increase the sensitivity for detection of apo(a) isoforms, and 3%-6% gradient polyacrylamide running gels with 1.2% agarose stacking gels containing 2-mercaptoethanol are used to increase the resolution of apo(a) isoforms. We observed 22 apo(a) isoforms that had a M r higher than that of apo B, whereas Kamboh et al. (1991) , using SDSagarose gel electrophoresis, observed 17 or 18 isoforms with a M r higher than that of apo B. The data indicate that SDS-PAGE is at least as good as SDS-agarose gel electrophoresis for the separation of apo(a).
In the current study, the apparent Mr was determined for 11 of the 25 apo(a) isoforms. The apparent Mr of apo(a) isoforms observed in our study ranged from 370 kDa to 950 kDa. Gaubatz et al. (1990) resolved a total of 11 apo(a) isoforms ranging in Mr from 419 kDa to 838 kDa using SDS-PAGE. From apo(a) isoforms A5 to A24, the apparent M r was distributed along a straight line and the estimated Mr difference between adjacent apo(a) isoforms was 18.4 kDa. Since Mr of the amino acid sequence of one PLG-like kringle 4 in apo(a) is estimated to be 13 kDa based on cDNA sequence analysis (McLean et al. 1987) and since PLG-like kringle 4 is thought to contain a carbohydrate, it is likely that the M r difference of 18.4 kDa represents the Mr of one PLG-like kringle 4. Our data seem consistent with the notion that the molecular basis of the apo(a) polymorphism is due to differences in the number of PLG-like kringle 4 encoding sequences (McLean et al. 1987; Hixson et al. 1989; Gavish et al. 1989; Koschinsky et al. 1990; Lackner et al. 1991; Kraft et al. 1992) . Our data shown in Fig.2 also suggest that we have detected most, if not all, of the apo(a) isoforms ranging in apparent M r from 580 kDa (isoform A5) to 950 kDa (isoform A24) because the plot for M r was distributed along a straight line with an increment of 18.4 kDa from isoforms A5 to A24.
Based on family studies, Utermann et al. (1988a) suggested that apo(a) isoforms are specified by alleles at the apo(a) locus. They also postulated the existence of a null On the other hand, Gaubatz et al. (1990) reported that the apo(a) size polymorphism is not completely determined by the gene at the apo(a) locus but that posttranscriptional processes may also be involved. More recently, Kamboh et al. (1991) have observed the autosomal codominant inheritance of apo(a) isoforms and the existence of a null allele in family studies. The presence of an apo(a) allele that produces no detectable circulating apo(a) has also been shown by Boerwinkle et al. (1992) . In the present study, we have confirmed the autosomal codominant segregation of apo(a) isoforms and the existence of a null allele at the apo(a) locus. In this study, the observed frequency distribution of apo(a) phenotypes in the population fit the expectations of the Hardy-Weinberg equilibrium. Our data indicated that each apo(a) isoform detectable with our method was specified by the corresponding allele at the apo(a) locus. Our data also suggested that at least 26 alleles, including a null allele, were present at the apo(a) locus. Recently, Kraft et al. (1992) reported 26 apo(a) alleles different in the kringle 4 repeat domain sizes of the apo(a) gene. The relationship between apo(a) isoforms detectable with our method and apo(a) alleles detectable with pulsed-field gel electrophoresis remains to be elucidated.
In the present investigation, we have observed 23 apo(a) isoforms in the Japanese population and families, and 23 isoforms in a Chinese population. In addition, the existence of a null allele was shown in some Japanese families studied. These findings suggest that at least 24 alleles, including a null allele, are present at the apo(a) locus in Japanese. The situation seems to be similar in Chinese. The average heterozygosity at the apo(a) locus was 92% in Japanese and 93% in Chinese. These values for average heterozygosity are similar to that for apo(a) gene sizes in Caucasian American individuals detected using pulsed-field gel electrophoresis by Lackner et al. (1991) . Nine alleles including A'15 to A'22 and N had appreciable frequencies of 5% or more, and the distribution of alleles was skewed towards alleles encoding large apo(a) isoforms in both Japanese and Chinese. The frequency distribution pattern of the apo(a) isoform alleles detected by our method in Japanese and Chinese was similar to each other and also to that of apo(a) gene sizes in Caucasian American individuals , suggesting that the frequency distributions of the apo(a) alleles might be similar among these populations.
In accordance with the original suggestion of Utermann et al. (1987) , Gaubatz et al. (1990) have shown an inverse correlation between the size of apo(a) isoforms and plasma Lp(a) levels for 11 apo(a) isoforms detectable with SDS-PAGE. In addition, an inverse correlation between the size of the apo(a) gene and plasma Lp(a) levels has been reported in apo(a) alleles detectable with pulsedfield gel electrophoresis Kraft et al. 1992) . A highly significant inverse correlation was also observed between plasma Lp(a) levels and the size of apo(a) isoforms in the present study. The rank correlation coefficient between apo(a) isoform phenotypes and plasma Lp(a) levels was -0.677 (P = 0.0001) when the 102 different phenotypes were ordered from 1 to 18 by representing them as the smaller apo(a) isoform in the case of double-banded phenotypes. These data indicate that the apo(a) isoform phenotypes detectable with our method are strongly associated with plasma Lp(a) levels.
As initially proposed by Utermann et al. (1987) , the data presented in this paper suggest that a highly skewed distribution of plasma Lp(a) concentrations towards lower levels can be accounted for by high frequencies of genes encoding large apo(a) isoforms and a null allele. The sum of frequencies of alleles encoding apo(a) isoforms A15-A25 and the null allele amounted to 82% in the Japanese population. Since small apo(a) isoforms are associated with high plasma Lp(a) levels but are less frequent than large ones, it is likely that individuals with high Lp(a) levels who are heterozygous for alleles encoding small apo(a) isoforms are relatively common. Indeed, we have observed the frequent occurrence of familial high plasma Lp(a) levels associated with one of the smaller apo(a) isoforms (Yanagi et al. 1993) . We are now studying whether small apo(a) isoforms are associated with premature atherosclerosis in Japanese.
